Our study illustrates the development of a microfluidics (MF) platform combining fluorescence microscopy and femtosecond/picosecond-resolved spectroscopy to investigate ultrafast chemical processes in liquid-phase diffusion-controlled reactions. By controlling the flow rates of two reactants in a specially designed MF chip, sub-100 ns time resolution for the exploration of chemical intermediates of the reaction in the MF channel has been achieved. Our system clearly rules out the possibility of formation of any intermediate reaction product in a so-called fast ionic reaction between sodium hydroxide and phenolphthalein, and reveals a microsecond time scale associated with the formation of the reaction product. We have also used the developed system for the investigation of intermediate states in the molecular recognition of various macromolecular self-assemblies (micelles) and genomic DNA by small organic ligands (Hoechst 33258 and ethidium bromide). We propose our MF-based system to be an alternative to the existing millisecond-resolved "stopped-flow" technique for a broad range of time-resolved (sub-100 ns to minutes) experiments on complex chemical/biological systems.
INTRODUCTION
In recent years, microfluidics (MF) is finding its way in more and more practical applications in a vast majority of fields including physics, biology as well as in many chemical applications such as separation of products, polymerase chain reactions, etc.
1, 2 During the past decade, it outweighed the traditional analytical instruments, as it provides a means for reducing both analysis time and the amount of reagents necessary to perform each analysis. Virtually, the microfluidics methodology is based on the low Reynolds number as well as the diffusion of the analytes or particles of interest. 3, 4 Within the micro-channel, diffusion plays a critical role in the reaction or mixing mechanism, and proper mixing requires certain tactics 5 involving the suitable control of flow rates and the complex microfluidics geometry. One important aspect of the microfluidics methodology lies in the kinetics study of chemical and biological phenomena. Kinetics studies of fast processes in flasks are cumbersome due to the lack of homogeneity and relatively slow mixing that typify batch processes. [6] [7] [8] On the other hand, the stopped-flow method 9 has been a quite widespread technique to monitor fast chemical reactions, where the reaction is terminated at the fluidics path. The bulk approach provides the information about the end-point of reactions or interactions, but it lacks the valuable information regarding the intermediary steps. Similarly, in case of stopped-flow kinetics, [10] [11] [12] [13] the achievable time resolution, to date, is in the order of milliseconds. 14 In contrary, in case of continuous flow microfluidics, both end-point as well as location-specific in-depth information can be obtained, [15] [16] [17] enabling to envisage and interpret reactions/interactions profiles more appropriately. The kinetic information (time scales) a) Author to whom correspondence should be addressed. Electronic mail:
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can be extracted through space-to-time conversion by measuring the product formation at different positions along the micro-channel. Until now, the exploration of reaction kinetics using MF techniques essentially focuses on the ability to control the reaction, and the use of a minimum amount of reagent, [18] [19] [20] and rather less efforts have been made for the enhancement of time resolution associated with diffusion-controlled reactions. 7, [21] [22] [23] However, better time resolution in such reactions is essential in order to reveal the "missing" parts in the kinetics such as the existance of intermediate states in a molecular recognition process. By thoughtful adjustment of the flow rate and geometry of the micro-channel, the reaction within MF channel initially takes place, which ensures that the extent of the reaction changes significantly from the start to the end of the flow path. 16 The reaction profile can be obtained by the quantitative comparison of the reaction product(s) or reactants themselves. 24 It is not always crucial for the reaction to be completed by the end of the micro-channel; the only prerequisite is that the selected analytical technique (e.g., fluorescence intensity, 25 decay time, fluorescence lifetime image, 15 etc.) is sensitive enough to detect the change in the product or reactant concentrations along the flow path. The present work describes the development of microfluidics as an advanced analytical platform for studying molecular interactions or even very fast chemical reactions. The use of time-resolved fluorescence spectroscopy as well as fluorescence microscopy enables us to follow the reaction kinetics with better time resolution revealing the intermediate states of molecular recognition and providing a way to correlate different sets of experimental data. The special design of the flow channel enables it to withstand higher flow rates (∼14 ml/min) without any leakage or turbulence and a specifically small region of the micro-channel serves the purpose of achieving significantly higher time resolution. The developed platform is capable of providing a time resolution as good as sub-hundred nanoseconds with the suitable adjustment of flow rates, which is not possible to achieve with existing stopped-flow techniques. As demonstrated with a fast ionic reaction between sodium hydroxide and phenolphthalein, microsecond-resolved kinetics was observed. The same MF platform also serves the purpose of a stopped-flow method as the flow velocity can be brought to zero after which the diffusion process can be followed. The process is the reverse of the existing stopped-flow techniques and can be termed as "flow-stopped" method. It provides an efficient way for studying diffusion-controlled phenomena such as energy/charge transfer in biomolecular interactions. We have further applied our MF system to the investigation of intermediate states involved in the molecular recognition of macromolecular self-assemblies (micelles with different charges) and genomic DNA (from salmon testes) by small ligands (Hoechst 33258 and ethidium bromide (EtBr)). Figure 1 (a) portrays the used MF system, represented as the Y-shaped MF chip. The specially designed MF chip with the connectors and the syringe pumps (Atlas-ASP011) were from Dolomite, UK and Syrris Ltd., UK, respectively. The specially designed MF chip consists of two inlets and a common outlet. The chip was made out of optically transparent glass, which can sustain higher temperature if required. The diameter of the microchip (440 µm) was designed to withstand high flow rates. A small special region just after the confluence (Figure 1 was deliberately added in the design, after which it expands to 440 µm (Figure 1(a) : Y region). The small diameter guarantees a higher fluid front velocity with reasonably low Reynolds number. The special geometry empowers to study very fast kinetics with a time resolution in the order of nanoseconds. For the study of slow kinetics in the range of millisecond to microsecond, the other portion of the micro-channel with a diameter of 440 µm is suitable. The two inlets were attached to a syringe pump by capillary tubes. The capillaries were passed through the shaft of the holder prior to connection with the MF chip. The reagents were propelled using the syringe pump and the total volumetric flow rate was adjusted according to the requirements. In the sections "results and discussion," and "conclusion," the term "flow rate" refers to the combined volumetric flow rate of the reagents through the micro-channel. The schematic of the MF channel is presented as a tube with a cross section S, length L, and total volume V = SL (Figure 2(a) ). The streams converge and their mixing starts in the microchannel junction, position X 0 in the Figure 2 (a). The total length of the flow path of the micro-channel is around 10 cm.
MICROFLUIDICS PLATFORM AND ANALYTICAL APPROACH

Device design
Fluorescence detection
Fluorescence images were captured with a fluorescence microscope (BX-51, Olympus America Inc.) equipped with a 100 W mercury arc lamp, which was used as the excitation source (UV light excitation) and a DP72 CCD camera ( Figure 2(b) ). The excitation light was cutoff by using a standard filter and the fluorescence was collected through a 10× objective. The image processing and analysis were done by the "ANALYSIS" software provided with the microscope. A region of interest (ROI) was selected at a specific height and width. This ROI was used to obtain an intensity profile along the micro-channel. Intensity profiles were acquired at a particular micro-channel distance from the initial mixing confluence. The red-green-blue (RGB) analysis was performed wherever required. This channel distance was converted into the reaction time (t n ) by dividing it by the velocity of the flow (U (m/s)), obtained from the known volumetric flow rate and cross section (S) of the micro-channel.
Time-resolved studies
For the time-resolved measurements, a platform was developed to combine the micro-channel with picoseconds pulsed laser light (Figure 2(c) ). The fluorescence transients on the microchip were measured with a commercially available spectrophotometer (Life-Spec-ps) from Edinburgh Instrument, UK. The MF platform was held by a homemade translation stage moveable in XY and XZ directions. The arrangement enables the collection of fluorescence transients at different positions along the channel (Figure 2(c) ) with precision and accuracy. The angle of the fluidics chip was optimized in order to collect the maximum number of photons on the detector and to achieve a reasonable stop rate. A picosecond pulsed laser diode was used to excite the sample at 375 nm (instrument response function (IRF) of 60 ps). The excitation was vertically polarized, and the emission was recorded through a polarizer oriented at 55
• from the vertical position. Incorporation of a long-pass filter with a cutoff at 395 nm in the emission channel effectively eliminates possible scattered excitation light. As for the study of very fast dynamical time scale (∼femtosecond), the arrangement was made as depicted in Figure 2(d) . In order to couple a femtosecond-resolved upconversion setup with our MF system, a homemade micrometer translation stage has been used.
Materials used
′ -bis-1H-benzimidazole, tris-hydrochloride) and ethidium bromide (3,8-Diamino-5-ethyl-6-phenylphenanthridinium bromide) were obtained from Molecular Probes. Salmon sperm DNA was purchased from Sigma. Sodium dodecyl sulphate (SDS) and cetyl trimethyl ammonium bromide (CTAB) were obtained from Fluka, and TX-100 was purchased from ROMIL. Sodium hydroxide and phenolphthalein were purchased from Merck. The chemicals were of highest commercially available purity and were used as received. Aqueous solutions were prepared in the phosphate buffer (100 mM). The stock solution of DNA was prepared by dissolving the lyophilized powder of salmon sperm DNA into the phosphate buffer. The concentration of the dye in aqueous solution was estimated by taking the extinction coefficient value of 46 000 M −1 cm −1 at 345.5 nm for H33258 and 5680 M −1 cm −1 at 476 nm for EtBr. Throughout the experiments, fluoroprobes concentrations were kept below 50 µM and micellar concentrations were kept around 1 mM. To increase the signal strength, the concentrations of the ligand fluoroprobes were optimized as described above.
Interpretation of the kinetics
The kinetics data for the reaction between sodium hydroxide and phenolphthalein were analyzed by considering the colour intensity (pink) of the anionic species formed during the reaction. For the molecular recognition, the kinetic parameters were determined by measuring the fluorescence intensity at different positions along the channel as the reaction progresses and changes in the fluorescence intensity were used as a marker of the interaction. The time-resolved studies in case of H33258 also provided a qualitative indication of the kinetics involved.
The model reactions that have been studied in our MF channel are well documented in the literature and found to follow first-order kinetics. [26] [27] [28] For a single step first-order reaction, reactants will produce products as follows:
The rate equation can be written as,
where, "x" corresponds to the product concentration at time t and k is the first-order rate constant. Rev. Sci. Instrum. 83, 043113 (2012)
Considering a reaction having an intermediate step, i.e.,
−→ P, the product concentration at time, t would be,
where, "a" denotes the initial concentration at time t = 0 and k 1 , k 2 are the respective rate constants. The precision of the measurement of the kinetics parameter will depend on the uniformity and accuracy of the flow velocity and the signal-to-noise ratio in the fluorescence measurement. Particular care needs to be taken in these respects. In order to maintain uniform flow velocity, we have employed a high precision injection pump. To achieve a better fluorescence signal-to-noise ratio, relatively high concentrations of the fluorescent probes were used. Reproducibility of the measured rate constant values within 5% error range indicates the precision of our technique.
RESULTS AND DISCUSSION
In order to study a fast model reaction in our MF device, we have chosen the ionic reaction of sodium hydroxide with phenolphthalein (H 2 P (aq−colourless)
The flow rate of 7 ml/min for each channel, i.e., 14 ml/min of overall fluid front velocity in the MF channel leading to a spatial resolution of 70 ns/µm, does not reveal any detectable reaction product (P 2− aq− pink ) in the channel, even at the end of the small channel (Figure 1(a) : X region). The observation clearly shows that the formation of product is negligible even after 165 µs of confluence. However, the flow rate of 500 µl/min in each channel, leading to a spatial resolution of 1 µs/µm clearly reveals the formation of the anionic pink species (Figure 1(b) ). The intensity of the anionic pink species increases steadily along the micro-channel. The pseudo-first-order rate constant was estimated to be 3.2 × 10 −4 s −1 , which is almost similar to the reported literature value (0.7 × 10 −4 s −1 ). 30 Figure 1(c) reveals the MF platform for studying diffusion-controlled reactions without any external velocity components, i.e., essentially as in the flow-stopped method, for the same reaction as described above. The intensity as well as the width of the product zone increases with time, enabling to visualize the diffusion process. The method is found to be very efficient for studying diffusion-controlled biological phenomena such as energy/charge transfer processes in protein-protein and protein-DNA interactions. Recently, we have explored 31 the time scales associated with the biomolecular recognition of a DNA-binding λ-repressor protein with operator DNA (O R 1) using these techniques.
In order to study the time-resolved reaction pathways associated with the molecular recognition (complexation) with self-assembled anionic SDS micelles by a cationic ligand Hoechst 33258 (H33258), we have used fluorescence microscopy and picosecond-resolved emission spectroscopy with our MF device (Figure 2) . It has to be noted that anionic micelles are good mimics of DNA, 32 having a negatively charged surface and hydrophobic interior. The cationic ligand H33258 is a well-known DNA minor groove binder, 33 which reveals significantly higher fluorescence yield in hydrophobic environments compared to that in bulk water. It has earlier been shown that H33258 remains at the interface of the SDS micelles projecting its cationic charges toward the anionic SDS head groups and the bis-benzimidazole moiety at the hydrophobic side. 33 In this regard, the molecular recognition of SDS micelles by H33258 is expected to be interesting, as there are two possible ways of complexation. H33258 may directly approach the micelle and form the complex (single step), or the ligand may form an intermediate complex with the micelle via electrostatic interaction, and finally form the energy minimized complex as revealed in equilibrium (two steps). Figure 3(a) displays the interaction profile of H33258 with SDS micelle based on the detected fluorescence images as well as fluorescence transients along the channel at desired specific locations. The overall flow rate was kept at 150 µl/min. In Figure 3(a) , the numerical fit of the fluorescence intensity (red solid line) according to equation (2) is reasonably good, indicating the reaction pathway to be a twostep process (Figure 6(a) ). 34 The overall rate constant of the interaction profile was estimated to be 2. emission maximum (500 nm to 470 nm, emission maximum is blue shifted as indicated in Figure 3(b) ). The reported lifetime value of H33258 in buffer is ∼300 ps, 15 which is similar to the value obtained at the mixing point of the Y junction (Figures 1(a) and 2(a) ). The observation reveals insignificant interaction of H33258 with the SDS micelle at the mixing point (X 0 of Figure 2(a) ). At the saturation point of the reaction profile of H33258-SDS binding, the lifetime value of H33258 is measured to be 3.3 ns in the MF channel, which closely resembles the lifetime of H33258 in SDS micellar environment in equilibrium. 35 We have also studied the nature of complexation of H33258 with cationic (CTAB) and neutral (TX-100) micelles as shown in Figure 4 . The complexation of H33258 with the two micelles is consistent with the kinetic pathways as described in Eq. (1), which is one-step in nature (Figure 6(b) ). From these studies on the complexation of H33258 with model micellar systems, interesting pathways associated with the molecular recognition of DNA in the minor groove binding 33 of H33258 can be anticipated and are in progress in our group.
In addition, we have used our developed system in order to study the molecular recognition of DNA by a wellknown intercalator, EtBr. In this endeavor, we have first studied the interaction profile of EtBr with anionic SDS micelle as shown in Figure 5(a) . The intensity profile of EtBr upon complexation with the micelle reasonably follows a one-step mechanism. The first-order rate constant was calculated to be 3.0 s −1 . In the case of the neutral TX-100 micelle, the complexation pathway is comparable to that of the SDS micelle as shown in the inset of Figure 5 appreciably from that in bulk water in the presence of the cationic CTAB micelle revealing negligibly small interaction with the micelle. On the other hand, multi-step pathways involved in the complexation of EtBr with the genomic DNA are very clear from the intensity profile as shown in Figure 5 (b). It has to be noted that, the enhancement of fluorescence intensity of the EtBr probe is associated with the decrease in the dielectric constant of the host medium around the probe, 36 associated with retarded proton transfer in EtBr. It has been shown that the local dielectric environment around DNA reveals a radial distribution of dielectric constants from a value of 2 at the center to 80 at 5 Å away from the DNA surface. 37 At the DNA surface, the dielectric constant is found to be around 4-12. 38 Thus, in the course of intercalation, the intercalator EtBr has to diffuse through three distinct environments with different dielectric constants as shown in Figure 6 (c). Our observation of intercalation in terms of intensity enhancement of EtBr as shown in Figure 5 (b) distinctly reveals three different regions. The observation is consistent with the fact that the probe EtBr has to interact with the surface of the DNA, probably making an intermediate surface adduct before the final intercalation. The overall rate constant for the DNA-EtBr interaction was estimated to be 0.9 s −1 , which is in reasonably good agreement with the reported value (0.7 s −1 ).
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CONCLUSION
In summary, the developed MF system provides an alternative for studying complex chemical and biological systems with sub-100 ns resolution. The platform provides an alternative way for achieving a better time resolution to study very fast kinetics. The incorporation of time-resolved spectroscopy further reinforces the technique to observe the decay dynamics. The successful implementation of the approach explored the complexation behavior of two drugs in bio-mimetic and biological systems. The key findings include the identification of the intermediate pathways of EtBr intercalation into DNA. The micellar systems provide a significant insight in the complexation of macromolecular recognition. Overall, our approach may be well applied to biological systems like protein-DNA, protein-protein interactions to visualize and interpret the underlying mechanism. Our microfluidic approach allows extraction of location-specific data, which in turn provides a better tool to diagnose a chemical reaction with higher time resolution.
